The effects of wave breaking on sediment transport are studied through a new series of mobile-bed experiments in a large-scale wave flume. During the campaign, one experiment involving detailed sand transport process measurements was repeated at 12 different cross-shore location. This procedure allows studying of the cross-shore variation of sand transport processes along the breaking zone. Starting from an initially 1:10 slope followed by a horizontal test section, a breaker bar developed in the breaking region as a result of onshore transport pre-breaking and offshore transport post-breaking. Near-bed suspended sediment fluxes were directed offshore along the complete test section, suggesting that the onshore transport pre-breaking is mainly attributed to bedload. The offshore suspended flux was the sum of an onshore wave-driven component and an offshore current-driven component. The wave-driven contribution to total suspended transport rates seems significant mainly before the breaking point where they account for ~30% of total suspended transport fluxes.
Introduction
Coastal morphodynamic models are used by coastal engineers and decisionmakers to guard the long-term safety of coastal regions. A potential shortcoming of existing sand transport formulae used in these models is that they are generally based on results of experiments with purely oscillatory, non-breaking wave conditions. The effects of wave breaking on sediment transport are still relatively unknown, although some effects have been implemented in sediment transport formulations (Roelvink and Stive, 1989; van Rijn, 2007) . However, these formulae still lack support of detailed observations of sand transport rates and processes in breaking-wave conditions. Consequently, it is still unknown how these formulae perform in the breaking region (van Rijn et al., 2013) .
Most studies about wave-breaking effects on sediment transport focused on one or a few selected processes, rather than the combination of processes and net sediment transport rates. These processes include flow structure and bottom boundary layer flow (Kimmoun and Branger, 2007; Huang et al., 2010) , temporal and spatial turbulence distributions (Ting and Kirby, 1994; Boers, 2005; Aagaard and Hughes, 2010; Ruessink, 2010; Grasso and Ruessink, 2012) , bed shear stresses (Cox et al., 1996) , and sediment suspension (Beach and Sternberg, 1996; Aagaard and Hughes, 2010; Aagaard and Jensen, 2013) . Smallscale wave flume experiments have provided a link between detailed process measurements and bed morphology, but mainly in a qualitative sense (e.g. Sumer et al., 2013) .
Only few laboratory studies have combined breaking-induced sediment transport process measurements, and measurements of profile evolution and net transport rates. The advantage of measuring both is that the detailed process measurements can help explaining the net sediment transport pattern, hence offering valuable insights for developing sand transport models. Moreover, the data can be used to validate existing morphodynamic and sand transport models. The large-scale LIP (Roelvink and Reniers, 1995) and SUSCO experiments (Baldock et al., 2011) are example of such datasets, but both offer limited detail in terms of process measurements. Another example is the large-scale CROSSTEX experiment (Maddux et al., 2006; Yoon and Cox, 2010) , which does offer detailed measurements of hydrodynamics and suspended sediment concentrations above a mobile bed profile.
Despite these recent advances, some questions regarding sediment transport under breaking waves remain unaddressed. In particular, detailed boundary layer and near-bed sediment flux measurements in the breaking region are lacking. Consequently, it is unclear whether the effects of wave-breaking should be included in sand transport models. Furthermore, the relative contributions of the various transport components (bedload vs. suspended load; wave-related vs. current-related) to the total transport rate along the surf zone are unknown.
These questions have motivated a new series of experiments involving largescale breaking waves over a mobile bed. Our experiments differ from previous experimental studies (e.g. CROSSTEX) because our research focusses on nearbed hydrodynamics and sediment transport processes and because of the use of recently developed state-of-the-art instrumentation. In this paper, we present preliminary results from the experimental campaign.
Description of experiments
The experiments were carried out in the large-scale CIEM wave flume at Universitat Politècnica de Catalunya in Barcelona. In this 100 m long wave flume, close-to-full-scale waves can be generated. The experimental campaign is part of the international collaborative project SINBAD. Hence, we will refer to this experimental series as the Barcelona SINBAD mobile-bed campaign. This campaign followed the HydraLab IV-funded SandT-Pro campaign . Both campaigns had a similar experimental set-up but the research questions are different.
Experimental set-up and instrumentation
The experimental set-up including bed configuration is shown in Figure 1 . The bed consisted of commercial well-sorted medium-grained sand (D50 = 0.24 mm). At the start of the campaign, the bed profile was shaped to a 1:10 offshore breaker slope, followed by a 20 m long and 1.35 m high horizontal test section and a dissipative beach. The beach was parabolic-shaped and fixed with geotextile. The instruments were deployed from a mobile measuring frame and from one of the sidewalls of the flume. The mobile frame structure consisted of slim, stainless-steel tubing, and was mounted to the bottom of a horizontally-mobile trolley (see Figure 1) . The structure could be controlled vertically with mmaccuracy, which allows positioning of the measurements close to the bed.
From the mobile frame, various instruments were deployed (Figure 2 ). The mobile-frame instrumentation was used to obtain high-resolution measurements of sand transport processes over the complete water column, at various crossshore locations. Of particular note is a High-Resolution Acoustic Concentration and Velocity Profiler (HR-ACVP), which is able to measure time-varying nearbed concentrations and velocity profiles over a range up to 15 cm with vertical resolution of about 1.5 mm. The HR-ACVP is a prototype based on technology described in Hurther et al. (2011) and has been successfully applied during unidirectional flow experiments before (Naqshband et al., 2014) . Higher in the water column, concentration profiles were obtained using an Acoustic Backscatter Sensor (ABS; not visible in Figure 2 ). Instruments further included are: three Acoustic Doppler Velocimeters (ADVs) for velocity measurements, three Optical Backscatter Sensors (OBSs) for concentration measurements, a six-nozzle Transverse Suction System (TSS) for time-averaged concentrations, a Pore Pressure Transducer (PPT) and Acoustic Wave Gauge (AWG) for watersurface level measurements, and a 2D ripple scanner. The suction-sampled sediment was dried and stored for grain-size distribution analysis. From the sidewall, two fixed frames with an ADV were deployed. The ADVs provide reference velocity measurements for two recently developed CCM + (Conductivity-based Concentration Measurement) tanks which were buried in the sand bed and measured concentrations and particle velocities in the sheetflow layer and local bed-level evolution (Van der Zanden et al., submitted). The tanks and frames were located at and slightly offshore from the breaking point. From the fixed frame at the breaking point, another HR-ACVP was deployed ( Figure 2 ). Along the flume, water surface elevations were measured with Resistive wire-type Wave Gauges (RWGs) before the test section and with PPTs along the surf zone.
Finally, beach profile evolution was measured with two echo sounders deployed from another carriage (Figure 1 ).
Wave conditions and experimental procedure
The water depth at the wave paddle was 2.55 m. Regular waves with 4 s period and 0.85 m target wave height at the wave paddle were generated. Waves were breaking at the beginning of the horizontal test section. Starting from the initial horizontal profile depicted in Figure3, the profile was first allowed to evolve during 7 runs of 15 minutes. Subsequently, the flume was drained and any crossflume asymmetries and bed forms were leveled out. The resulting profile was then used as the reference profile for the remainder of the experimental campaign. Figure 3 shows this reference profile. In this figure and throughout the remainder of this document, the horizontal distance x runs from the toe of the wave paddle towards the beach. The vertical coordinate, z, points upwards from the flume bottom, while annotation z' will be used when referring to elevations above the bed. The experimental campaign continued for a further 12 experimental days with a total number of 72 runs. Prior to each experimental day, the profile in the flume was reshaped to the reference profile. Each experimental day consisted of six 15-minute runs. During these six runs, the mobile frame was located at a fixed cross-shore position and after each run, the frame was repositioned vertically to maintain at a constant initial distance above the bed. The bed profile was measured after every 2 nd run. After the 6 th run the flume was drained, and the next day the bed was restored to the reference profile. On each of the 12 experimental days, the mobile frame was located at a different cross-shore position. By repeating the morphological evolution in each experiment but at the same time measuring at a different position, we can study the spatial and temporal variation of sediment transport processes. We refer with t to different time instances throughout the experiment, where t = 0 corresponds to the reference profile stage. Note that this approach is different from the SandT-Pro campaign which focused on the complete 6 hr bar development starting from the horizontal bed, without performing repeats of the morphological evolution.
Waves were plunging breaking at the top of the breaker bar. For the first run of the day (t = 0 to 15 minutes), visual inspections revealed that the initiation of breaking -where 'curling' of the waves began -was at x = 53.5 m. About 2 m further shoreward, the plunging wave was hitting the water surface. At x = 59 m, the roller is fully developed. We distinguish the shoaling zone (x < 53.5 m), the outer surf zone or breaking region where waves break and the roller develops (53.5 m < x < 59.0 m), and the inner surf zone where the roller has developed (x > 59.0 m). As the profile evolved during the experiment, the breaking point migrated slowly onshore throughout the runs.
Cross-shore measurement locations covered a horizontal distance of 12 m (from x = 51.0 to 63.0 m) with a horizontal spacing of 0.5 to 3.0 m (Figure 3) . Hence, the measurements covered a range of stages of the (breaking) wave: from shoaling to surf zone. The smaller spacing (0.5 m) was chosen in the breaking region, where steep horizontal gradients of fluxes and processes were expected.
Results
Preliminary results are presented in this section. Firstly, the bed evolution and net transport pattern are presented. Secondly, near-bed horizontal flow velocities along the bar are shown, and finally, suspended sediment concentration profiles and cross-shore suspended fluxes are presented.
Bed evolution and net transport rates
The beach profile evolution was very similar on all experimental days. After removal of outliers, the measurements of both echo sounders were averaged. Next, all the 12 profiles measured at the same time instance t were averaged, yielding the overall mean profiles at four t instances as shown in Figure 4 (upper panel). Sediment transport rates q s were calculated by integration of the mass balance equation, assuming a porosity of 0.6 of the loosely packed bed and zero transport at the toe of the profile and at the border with the fixed beach (c.f. Baldock et al., 2011) . This is done for both directions (onshore and offshore) and for all consecutive profile measurements. These transport rates were also averaged for each t instance, resulting in the mean net transport rates shown in Figure 4 (lower panel).
During the experiment, the breaker bar increases in height with 0.19 m over 90 minutes while the crest migrates slowly onshore. At the same time, the breaker trough deepens and erosion is observed at the upper part of the offshore breaker slope and in the surf zone. A flat bed (sheet flow conditions) was observed in the shoaling zone, while 3D ripples were found in the inner surf zone. The net transport pattern shows onshore transport before the breaking point and offshore transport after breaking. In the breaking region, horizontal net transport gradients are steepest. With time, magnitudes of transport gradients decrease, suggesting that the profile evolves towards an equilibrium state. Figure 5 shows the phase-averaged water surface levels (η) and horizontal velocities (u) obtained with the lowest ADV on the mobile-frame (at z' = 0.11 m). Each panel shows the phase-averaged results for the first run of one of the 12 experimental days. Hence, the results show the spatial variation of η and u for time span t = 0 to 15 minutes. The start of the wave cycle in Figure 5 and forthcoming phase-averaged results corresponds to the downward zero crossing of the water level with its local mean (obtained with the mobile-frame PPT). Note that the local bed level changes with magnitudes up to ~0.05 m, depending on cross-shore location and presence of bedforms, during a run so the relative elevation z' is not constant in practice.
Near-bed horizontal velocities
As expected, waves are strongly skewed before breaking. At some locations around the initiation of breaking (x = 54.5 to 55.5 m), water surface levels show a double peak ( Figure 5 ). This relates possibly to the air pocket encapsulated by the curling wave top.
Velocities are in phase with water surface levels. In the breaking region, wave energy dissipates and both wave height and orbital amplitudes decrease.
Simultaneously, the mean offshore-directed current (undertow) increases. In the breaker trough (x = 56.5 to 58.0 m), near-bed velocities are almost constantly directed offshore. Suspended sediment distributions Figure 6 shows mean (time-averaged) concentration (C) profiles obtained with the TSS. Following TSS prescriptions by Bosman et al. (1987) , we ensured a suction velocity (1 m/s) close to the peak water velocity. Occasionally the suction tubes blocked, which explains the loss of data for some runs.
Mean concentrations derived from the TSS ranged from 0.03 to 6 g/L. Obviously, concentrations are higher closer to the bed. In terms of cross-shore variation, highest concentrations are found in the breaking zone. The concentration profiles follow a concave shape, with steepness and near-bed reference concentrations varying along the test section.
Intra-wave concentrations can be studied using the OBSs. Here, we focus on the near-bed concentrations (z' = 0.07 m) only. The OBS data are calibrated using the suction measurements. Phase-averaged results are shown in Figure 7 . The concentrations show a clear intra-wave dependency, in particular in the breaking region. Highest concentrations are found under the wave crest for all locations. Interestingly, this is not necessarily the point at which velocities are strongest: in the breaker trough and inner surf zone, higher velocity magnitudes are reached during the wave trough. For this near-bed OBS, bed level changes during the run may affect the results. Beach and Sternberg, 1996) . The turbulent flux (u'•C') is not considered in this analysis. Results are shown in Figure 9 (middle panel) for a relative elevation z' = 7 cm. Total suspended sediment fluxes are offshore-directed along the complete test section. The total flux is the net effect of a shoreward directed wave-related component and a (stronger) offshore-directed current-related component.
Transport rates are several times higher in the breaking region than in the shoaling and inner surf zone. Magnitudes of both transport components increase in the breaking region. A negative peak in total suspended transport is observed at x = 56.5 m. Note that close to this x location, the net transport rates (bedload + suspended load) obtained from the profile measurements also showed an offshore-directed peak (Figure 4) .
Relative contributions f c of current-and wave-related transport to total transport are shown in Figure 9 (lower panel). These contributions were calculated by dividing the magnitudes (i.e. absolute values) of each contribution by the sum of both magnitudes. The current-related contribution exceeds the wave-related contribution at all cross-shore locations. Before breaking, the wave-related contribution is about 30%. From the location of wave breaking shoreward, the undertow gets stronger while orbital velocities decrease in magnitudes ( Figure  5 ). As a result, the relative contribution of the wave-related transport drops to < 10% in the inner surf zone, and suspended sediment is mainly transported by the undertow.
Discussion
Total net transport around the breaker bar is characterized by onshore transport pre-breaking and offshore transport post-breaking. Since suspended fluxes are offshore along the complete test section, the onshore transport before the breaking point is attributed to a bedload flux, driven by wave shape effects (velocity and acceleration skewness). These wave shape effects on sand transport have been examined before in the context of non-breaking waves (e.g. van der A et al., 2010) .
Suspended sediment transport fluxes are characterized by an offshore-directed current-related and onshore wave-related transport component. Both components increase in the breaking region, which is consistent with field measurements (Beach and Sternberg, 1996; Ruessink et al., 1998) . In comparison with these existing measurements, the new data are expected to provide more detail and more insights in the processes that explain the fluxes. Further data analysis should reveal how the breaking of waves affect the various sand transport fluxes (bedload and suspended load).
Conclusions
First results of new large-scale wave flume experiments involving waves plunging breaking on a mobile barred beach profile are presented. During each experiment, the profile was allowed to evolve for 1.5 hrs after which the bar was restored to its initial profile. By repeating this experiment while every time measuring at a different location, the spatial and temporal variation of detailed sediment transport processes along the barred profile was obtained.
Total transport rates reveal an onshore-directed transport before the breaking zone and an offshore-directed transport after breaking. Total suspended sediment fluxes are directed offshore at all locations. Hence, the onshore total transport before breaking is probably the result of a large onshore bedload contribution with transport in the sheet-flow regime.
The suspended sediment fluxes can be split into a wave-related (directed onshore) and current-related (directed offshore) contribution. The wave-related suspended flux contributes significantly (~30 %) to total suspended fluxes in the shoaling zone and breaking region and should be accounted for in practical sand transport models. In the inner surf zone, the current-driven suspended flux dominates the total suspended flux.
